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Abstract 

Using data from the Ferrnila. b photoproduction experiment E691, we have measured 
branching ratios for t,ix Cabibbo-supI,ressed decays Do + T?OK+n-, Do ---t X0$-a+, 
Do ---t IimI{+a-i;+ , and Do i T+T+T-7i-. Th e ca a show evidence for sexral qws- I t, 
t,wo-body deca,ys including Do + K*+Ii- and D” + ??(‘Ii*“. but, not D” i Ii+Ii+. 
The relative rates of t,hr charged &cays indicates t,hat final st,atc rncsons cunt,aining virtual 
W’ decay quarks are more likely to emerge as vector mesons than ale those containing 
the specta,tor quwks. The high rate observed for D” + ?;;r’I<*’ mdicates that hadronic 
final state interact,ions play a measureable role in chum decays. 

PACS ~~mdxrs: 13.25, 14.405 



Some Cabibbo-Suppressed Decays of the Do Meson 

Introduction In an experiment using the Fermilab Tagged Photon Spectrometer (TPS), 
E691 has observed several Cabibbo-suppressed decays of Do mesons whose relative branching 
ratios help elucidate the processes responsible for charm decav and the evolution of the 
hadronic final state. Feynman diagrams for various types of Cacibbo-suppressed decays are 
shown in Figure 1. Spectator decays occur when c -+ d[ll,‘+ + ud] (Figures la, and lb) 
or c i sp+ ---* UC;] (Figures lc and Id). Excha,nge decays occur when c --t d (Figure le) 
or ii + S (Figure If). When the quarks produced in the weak interaction combine directly 
to form the final st,ate mesons (without hadronic final state interactions), these processes 
produce characterist,ic final states. Specifically, spectator deca-s will not produce quasi- 
two-body final st.at,es where both part,icles are neutral and stra,nge ( Ii”lio, k”Ji;;i’, ek). 
Exchange decays may produce such final states, but GIM cancellation will suppress the rate’. 
Only if hadronic final state interactions are important2J will t,hese neutra,l strange/a,nt,i- 
strange final states be produced at a rate comparable to that of other Cabibbo-suppressed 
states. Examining the spectat.or decays of Figure 1, only Id may produce quasi-two-body 
final states wit,h two charged, strange particles. One of these will contain the US from the 
virtual W+ and t,he other will contain the spectator u and the remaining s. As the decay 
widths for Do -+ Ii’*+Ii- and Do -+ IC+I(*- have precisely the same phase space and form 
factors, their r&tive branching ratio is determined by the underlying dynamics (matrix 
element,) with none of the complications found when one of the particles is stra,nge and the 
other not. In this Communication we present results from the analysis of Do + Ii~A’-n+, 
Do + ligli+r-, Do -+ ICIC+VT+, and Do -+ ?T+x+~-?T- decays which bea,r on these 
questions. 

The TPS is a,n open geometry, two-magnet spectrometer. Photons with energy between 
60 GeV and 240 GeV interacted in a 5 cm beryllium target. Silicon microstrip detect,ors 
(SklDs) and drift, chambers tracked charged particles. Two threshold cerenkov counters, 
divided into a, tota,l of 60 cells, provided particle identification. The nine plane SLID system 
separated charmed particle decay vertices from primary interaction vertices. The resolution 
in longit,udinal vertex separation distance between primary and secondary vertices, oz, was 
typically 300 pm for a D momentum of 60 GeV and varied almost linearly with D moment,um. 
Reconstructed charmed pa,rt,icles genera,lly had momenta between 30 GeV and 120 GeV. hlore 
complek descript,ions of the detector, of our particle identification and vertexing algorithms, 
and of rel::ted resll1t.s are found in References 3 G. 



Do -+ Ii~IC*r~ The decays Do + K”Ii-a+ and Do + f;;‘Ii+a- may be produced 

directly with non-resonant three-body final states or with Ii*Ii quasi-two-body final states. 
Spectat,or processes followed by simple quark combination allow IC*+Ii- and Ii*-Ii+ final 
states but not Ii*‘??’ or polio final states (see Figure Id). Exchange processes followed 
by quark/anti-quark pair creation (sS for Figure le and dd or uii for Figure If) allow all 
these charge combimations. Exchange diagrams are expected to be helicity suppressed, and 
the diagrams which produce (ds,sd) final states interfere destructively through the GIM 
mechanism so t.hat the amplitude lea,ding to Ii*‘r’ end pa Ii0 final st,ates is addit,ionally 
suppressed. 

We distinguish Do ca,ndidates fromDo candidates by looking at the chargeof the bxhelor 
pion in D’+ + Doa+ and charge conjugate decays. In the analysis which follows: we 
distinguish bet,ween Do + Ii~Ii-n+ and Do --t Ii~Ii+~- but we do not. distinguish between 

these and t.heir charge conjugate a0 decay processes. For the study of Do + IigIi?r we 
required a well-identified Ii’: + T+T-, a,n oppositely charged KT pair with Cerenkov system 
joint probability > 0.2, and an ext,ra (ba,chelor) r such that t,he mass difference, ~Yhl = 
mass(IigIi?rx) - mass(Ii~Ii=), lay in the range 0.144 GeV - 0.147 GeV, ie., consistent with 
the hypothesis D’+ + Do*+; Do 4 KiIin. Requiring a bachelor = from D* decay reduced 
backgrounds substant,ially and allowed identification of the D as pa,rticle or antipa,rticle. The 
Ii77 pair was required t,o form a good vertex at least 8 LJ* downstrea,m from a, primary vertex 
candida,te, which wa,s required to lie within SO pm of the Do line of flight. At most one track 
other than those from t,he D* was allowed to pass within SOpm of the Do vertex and the Ii 
a,nd P tracks from the Do candidate had to pass closer to the Do vertex than to the prima,ry 
vertex. 

The Do --t lizA'-a+ sample (as distinct from the Do + I$Ii+x- sample) was divided 
into three exclusive sets according to consistency with the hypotheses Ii”Ti;to, Ii*+IC-, and 
non-resonant Ii”IC-r+. The first set consisted of all events wit,h Imass(K-?r+)-692 MeV < 
40 MeV and lcosS/ > 0.30 where 0 is the polar angle of the I<- in the Ii-a+ CM, 0 = 0 
is the direction of the Ii-a+ system in the ICiIi-?r+ CM. (Do -+ Ii*Ii is a pseudo-scalar 
--* vector plus pseudo-scalar decay with an angular dist,ribution dN/dcos6’ IX cos26.) The 
second set consisted of the remaining events with Imass(If$T+) - 692 MeVl < 40 MeV and 
IcosDl > 0.30, 8 appropriately defined. The third set consisted of the remaining events. Most, 
Ii”p’, Ii*+Ii-, and non-resonant events should be observed in t,h.e first, second, and t,hird 
set.s. respectively. We generat,ed and reconstructed Mont,e Carlo A’.: Ii”, Ii*+Ii-, and non- 
resonant .saml)les from which we dekrminrd the efficiency matrix tij for detect,ing process :, 
in set i. A maximum likelihood fit using tij then determined t,he number of events produced 
via each process along with t,he obcerx:ed background in each set. The Do + I\-gIi~+r- 
sample was divided and fit, similarly. 

The hist,ograms of the Do ---t Ii~liC~+ data for each of the sets defined above a,nd 
for t,he combined sample are shown in Figure 2. The curves are the projections of the 
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maximum likelihood fit (not independent fits of the samples shown). No signal is seen in 
the Ii’??’ sample; a clear signal is seen in the Ii*+ Ii- sample; some signal may exist in 
the non-resonant, li~li-n+ sample. To calculate absolute branching ratios we first corrected 
t,he fitted signals for lie --) I$, I<: + ~+v, and Ii’ + IC’T branching ratios. We then 
normalized t,o our D*+ --t D”?r+; Do --t Ii-*+ signal corrected for its efficiency and the 
h4.4RK III absolute branching ratio7 for Do + K-r+, 4.2 i 0.4 f 0.4%. These branching 
ratios, or 90 % confidence level upper limit,s, are listed in Table I, as are the results for t.he 
DO + Ayi+x- channels. The errors on the signals of each cha,rge mode are correlated due 
t,o the overlapping acceptance for processes leading to the same final state. Even so, we can 
draw a fair conclusion that Do -+ Ii*+Ii- is observed while Do -+ Ii”Po is not. We also 
observe no Do t Ii+Ii*-. This asymmet,ry bet,ween t,he branching ratios to Ii’+li- and 
K+li*- dist,inguishes I&‘+ + vect,or decays from specta,tor + vector decays despite their 
equivalent (charge conjugate) quark content. This observation therefore constra,ins models 
which describe the evolution of quark states into exclusive final states’. 

Do ---f Ii-li+x-x+ The decay Do + Ii-Ii+n-a+ may be produced directly with a 
non-resonant four-body final state or with quasi-two-body or quasi-three-body final st,ates 
in which two or more of the final hadrons are products of I<*, p, and/or 4 decay. Separating 
DO -+ li*“li-r;t from I(“li+*- would require restricting the sample to those D’s from 
D’s, This sample is too small for analysis by itself. Hence, we combine all li-lit?r-x+ 
ca,ndida,tes and report, the sum of the branching ratios for Do + Ii*‘IC-a+ and Do + 
7;“OIi+T-. 

We considered Do candid&es from a D* sample and from a non-D* sa,mple. In both 
samples we required a combined cerenkov probability greater than 0.15 for the KIixx 
hypothesis. The vertexing, isolation, and point-back criteria were similar to those for the 
lilK?r analysis, but with required vertex separation of 6 gz for the D’ sample and 12 cri for 
the non-D* sample. For the non-D* sample we additionally required all four of the D-decay 
tracks to pass through bot,h magnet apertures and allowed no extra tracks within SO Fm of 
t,he secondary vertex (except those consistent with being bachelor x’s from D* decays). The 
Ii-litr-7;t data were divided into four mutually exclusive sets which are shown in Figure 
3. The first contains those events with $ + K+K- candidates, and the remaining t,hree 
conta,in t,hose with two, one, or zero Ii* candida,tes. As for the Ii~K~ analysis, we employed 
a maximum likelihood fit to extract the number of event,s produced wit,h $~+a-. ??‘A’*“, 
Ir.*lir. and non-resonant fina,l stat,es. .4s it shares the same topology, we normalized to our 
inclusive Do + Ii-T-x+x+ sIgna, and its MARK III branching ratio’, 9.1 rt OS * O.S%. 
l’hr, rc>sults are collected in Table II. 

Figure 2b shows a clear signal in the lC*O??+O sample (11 events within 20 hleV of 
the Do mass and a ba.ckground of less than 1 event). The signal may include IC’Ii* a.nd 
non-resona,nt liar feed-through in addiCon to the I<*F contribution. Setting the Ii*?? 
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contribution t,o zero in the maximum likelihood fit increases log likelihood by 6.6, giving a 
2.6 CT II’*~~~ signal which provides evidence for hadronic final state interactions. \\‘e also 
observe the dr;+s- final state at the 1.5 o level. Due to our low statistics and the limited 
phase space available for the pions, we a,re unable to consider separately non-resonant &r+rr- 
and 4~. 

Do-+-- T-?;+x~ Thedecay Do -+ r-n-rtrt may be produced by the spectator and 
exchange diagrams of Figures la,, lb, and le. To study the four pion final si.ate we required 
consistency with the D*+ 4 Doa+ hypoi.!~iesis and vertex separation and point-back criteria 
as for the at her modes. Starting will1 a sample of events with evidence of a secondary vertex 
we dema,nded that 0.144 GeV < AM < 0.147 GeV, that the four pion Cerenkov system 
probability be greater than 0.4, t,ha,t at, least three of the four pions pass t,hrough both 
ma,gnet, a,pertures, that all pion momenta (four plus bxhelor) be grea,ter than 3 GeV, that 
the secondary vertex lie at least 8u, downstream of the primary vertex, and tha,t each of 
the four pion tracks pass closer to the secondary vertex than to the prima,ry vert,ex. The 
histogram of this dat,a is shown as Figure 4. A maximum likelihood fit finds a signal of 
66 f 12 events. 

To minimize differences in geometric and similar acceptances, we normalize to our signal 
for D*+ --+ D"r+;Do -+ Ii-s+?r-rr+, giving a ratio of branching ratios: 

BR,(D” -+ x-vx+rr+) 

BR(DO --) A’-*-a+~+) 
= 0.096 i 0.018 i 0.007 

for an absolute Do -+ R-T-T + ,+ branching ratio of (0.87 * 0.16 & .13)X. Due to t,he T 
combinat~orial background and the similarity of the non-resonant phase space, we have not 
measured resonant contributions from pp and prr+rr-. 

Systematic Errors The dominant uncertainties in all the direct measurements of ra,tios of 
branching ratios presented are the statistical errors due to the (rela.tively) la,rge fluct,uations 
in small samples. In addit,ion. there are systematic errors due t,o the limited statistics of 
the Monte Carlo simulations used to determine geometric a,ccepta,nce and reconst.ruct,ion 
efficiencies, the accurxy of the Rlonte Carlo in simulating t.he dat,a. the possible interference 
of nonresonant and quasi-t,wo-body amplitudes which we are not alile to determine, and 
the errors in the MARI< III absolute bra,nching ratios which we use in det,ermining t,he 
ahsolute branching ratios given. The systematic errors due to litnited Llont,e Carlo stat,istics 
are always much smaller than the statistical errors for the measured signals. The Monte 
Carlo simulation of tracking and Cerenkov simulation is generally xcura,te at the 5%, level, 
and we ha\:e compared the four-body Cabibbo-suppressed modes to Do + Ii-a-r+r+ to 
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minimize the systematic differences in geom&ric acceptance and reconstruction efficiency. 
The accuracy of the Ii’: + r+?r- reconstruction efficiency is less well known as the T; t,racks 
t,raverse only the drift chambers and not the SIvIDs. For charged tracks which traverse the 
ShlDs, t.he ShlDs provide great redundancy before the first magnet. However, the per tmck 
per plane efficiencies of t,he drift chambers, after the tracks are found, agree at the 1 - 2 % 
level and we believe the overall I{: reconstruction efficiency is accurat,e ztlO%. The possible 
interference of non-resonant, and quasi-two-body amplitudes would hax:e a, small effect on 
the measured rates. Altogether, we estimat,e that our systematic errors in the measured 
rates. relative to the Cabibbo-preferred modes, added in qua,drature, are of order 1.5% 
In determining t,he absolute branching ratios we have a,dded M.4R~K III’s stat,istical and 
syst,ematic errors in qua,dra,ture and t,hen added this in quadrature wit,h our own syst,ematic 
error to give a 21% syst,ematic error to the absolute branching ratio mea,surements. 

Pllysjcs Summary We ca,n compare the measurements of branching ratios present,ed here 
with the related measurements which are listed in Table III. Our inclusive bra,nching rat,& for 
D” + K’I<-x+ and Do + i?IC+r- add (within errors) to the level reported by ARGUS’, 
who did not separate these states. We see, in addition, a substantia,l quasi-two-body con- 
tribution from Ii’*l*+Ii-, but no evidence of K-K+, ~“Ifo, or Ii*‘f;F’ contributions. The 
K*+It’- branching ra,tio, as measured, is also somewhat higher than t,he average K-Ii+ 
bra,nching ratio. These observations a,re consistent with a picture where the @.I~~ final 
state is produced predominantly from spectator decay followed by quark combina,tion, the 
us from the virtual lV+ emerging as a, vector meson more often than does the Y?S cont,aining 
the spectator 6. The lack of Ii*‘??’ and ??“I” \ Indicates t,hat decays involving Iv-exchange 
and/or final state int,eractions are less important, than simple spectator decays. 

We observe Do + Ii-IC+?r-rr+ with approximat,ely the same branching ratio as re- 
ported by ACChlOR lo If we observe a Do + &r+x- . component, it is 2 o smaller tha,n 
the ACChlOR result,. We do observe a large K*07*0 h branching ratio; the likelihood tha,t 
statistical fluc~tuations and Ii*Kn and non-resonant Ii-Ii+~-r+ feed-through produce such 
a large signal is less t,han 1%. The branching ratio we measure for this mode is greater than 
those reported by E40011 and CLEO’” for the similar mode Do + ICO??O, but less than the 
Do + K-Ii+ branching rat,iog,‘0,12,13. As W- r 1 exe lange amplitudes are generally found to be 
small, and GM cancellation should further suppress the W-exchange amplitudes for these 
final states, the observations of Do + I<‘??’ and Do --t ICrop” a,re evidence for final st,ate 
interact,ions at levels of the magnitude predict,ed by Donoghuc’ and Pham’. 

Finally, we observe D” -+ T-T’T-?T+ (no strange pa,rticles) with a branching ra,tio more 
than twire that of Do -+ Ii-Ii+r-T+ (t,wo strange part,iclcs) wlwrc Do -+ 7-d (no strang- 
part,icles) ha,s a branching rat,io less t,han half tha,t of U” i I<-Ii+ (two st,range particles). 
It appears that Cabibbo-suppressed dec,ays occur more or less equally with and without 
strangeness a,t the quark final state level, although the hadronic two-body and four-hod) 
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final states do not separately display this symmetry. This quark level symmet.ry is expected 
if simple spectator decays are dominant. 
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Figure Captions 

1. Feynman dia,grams for Cabibbo-suppressed decays of mesons containing 
charm quarks. The dots mark the Cabibbo-suppressed vertices. 

2. The observed invariant mass distributions for the (a,) Folio, (b) Ii*+li-, 
(c) non-resonant li’K-r+, and (d) inclusive li’li-n+ samples described in 
the text. 

3. The obser\-ed invariant mass distributions for the [a) dr;+x-, (b) li*‘p’, 
(c) 1<*lir, and (d) non-resonant Ii-K+a-r+ samples described in the text.. 

4. The invariant, mass distribution for t,he I~-x-?T+?T+ sample described in the 
text. 

Table Captions 

I The ratio of branching ratios and absolute branching ratios, or 90% confi- 
dence level upper limits, for the 1i’Kr channels studied. 

II The rat.io of branching rat,ios and absolute branching ratios, or 90% confi- 
dence level upper limits, for the It’-IC+x-n+ channels studied. 

III Absolute Do branching ratios in percent from other experiments, with the 
corresponding E691 results for comparison. 
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Table I 

Decay Mode 
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inclusive I(-Ii+Cn+ 
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ia-resonant Ae-li+7r-r+ 
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Table II 
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